In this paper, a mixed approach for probabilistic structural 
INTRODUCTION
Structural fatigue due to fluctuation of stresses generated in the service life of mechanical systems is the primary concern in structural design for durability and safety 1 . Structural durability analysis predicts the fatigue life for crack initiation or crack propagation of the structural component of a mechanical system. The crack initiation life computation predicts where and when the crack will start first (usually at a length of 2 mm). The crack initiation life prediction is particularly useful in durability assessment of the ground vehicle and heavy equipment. The crack propagation life computation predicts, after a given crack initiation, how fast it is going to grow, and in which direction it will grow. The crack propagation life prediction is particularly useful in obtaining safety assessment of the aerospace and nuclear industry structures.
Uncertainties of material properties and geometric dimensions due to manufacturing tolerances of the structural component, and the environment under which the mechanical system operates constitute the indeterministic nature of the fatigue life assessment for the structural component. A statistics-based approach that takes these uncertainties into consideration provides a more realistic and reliable assessment for the structural durability and safety 2 . Furthermore, when the structure is found unreliable, a reliability-based structural optimization (RBSO) 3 method must be used to obtain an optimal design that is reliable.
In RBSO, a reliable optimal design is sought using structural reliability analysis and design optimization methods. The mean value first-order (MVFO) method is usually used for reliability analysis in RBSO due to its low computational cost; for example, see Thanedar and Kodiyalam 4 . However, the MVFO method is inaccurate 5 . Enevoldsen et al. 6 developed a RBSO method using the first-order reliability method (FORM), and tested the method using a simple example. Torng and Yang 7 proposed an advanced reliability-based optimization method for designing a robust structural system. They used the advanced mean value (AMV) method to compute the reliability of structures, and used approximation techniques for robust design. Sepulved and Epstein 8 proposed a synthesis method for minimum weight design of structures with random external loads and allowable stress, where the Monte Carlo and approximation techniques are used for reliability analysis and optimization, respectively. Wang et al. 9 presented an optimization method using an efficient safety index calculation and multivariate splines in searching for an optimum design. A brief literature survey of design optimization for structural durability and probabilistic structural durability analysis can be found in Refs. 1 and 2, respectively. Even though the FORM or AMV provides more accurate predictions of structural reliability, the most probable point (MPP) search requires several iterations to achieve a convergent solution for each failure function. Consequently, these approaches are very expensive for an industrial-scale application with a larger number of reliability constraints. Since RBSO requires extremely expensive computation for reliability analysis of each failure function at every design iteration, it is so far limited to academic examples, as presented in Refs. 6 and 7. Moreover, no fatigue failure function has been considered in RBSO.
The objective of this research is to employ the probabilistic fatigue life prediction method presented in Ref. 2 Choi, K.K., Yu, X., and Chang, K.H., "A Mixed Design Approach for Probabilistic Structural Durability," Sixth AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and Optimization, Bellevue, WA, September [4] [5] [6] 1996 . to support reliability-based design for structural fatigue. A mixed approach is proposed in this paper to alleviate the extensive computational effort and achieve a nearoptimal design that is reliable. Using this approach, a deterministic design optimization that considers the structural crack initiation and crack propagation lives at critical points of the structure as design constraints is performed first. After a deterministic optimal design is obtained, a reliability analysis is performed to determine if the optimal design is reliable. If the probability of failure of the deterministic optimal design is found unacceptable, a reliability-based design that employs a set of interactive design steps, such as trade-off analysis and what-if study 10 , are employed to obtain a nearoptimal design at an affordable computational cost.
The rest of the paper is organized as follows. In Section 2, a reliability analysis method for the structural fatigue life is presented. A reliability-based design sensitivity analysis (DSA) and optimization method is presented in Section 3. The proposed mixed design approach for the probabilistic structural fatigue life is described in Section 4. A 3-D tracked vehicle roadarm is presented in Section 5 to demonstrate the proposed method. A summary and future research direction is given in Section 6.
RELIABILITY ANALYSIS FOR STRUC-TURAL FATIGUE LIVES
To compute the reliability (or probability of failure) of a structure, it is required to define a failure event corresponding to a structural performance measure, such as displacement, stress, buckling load factors, etc. For reliability analysis of structural fatigue life, the failure event or failure function is defined as
where N f (X) is the structural fatigue life, i.e., number of cycles to fatigue, which is a function of random variables X, and N 0 is the required fatigue life. When N f (X) is less than the required life N 0 , that is, g(X)≤0, the event fails. Therefore, the probability of failure P f is defined as
Given the joint probability density function f X (x) of the random variable X, the probability of failure for a component-level reliability problem can be expressed as
The multiple integral of Eq. 3 is very difficult to evaluate since the failure function is an implicit function of the random vector X. Also, the multi-dimensional numerical integration over the failure region is extremely time consuming. To overcome these difficulties, various methods, such as the Monte Carlo method, FORM, second-order reliability method (SORM), etc., have been proposed. The Monte Carlo method provides a convenient, but time-consuming solution for fatigue failure probability prediction. On the other hand, the FORM and SORM are much more efficient and reasonably accurate for reliability analysis.
First-Order Reliability Method (FORM)
In order to make use of properties of the standard normal space, a transformation is introduced to map the original random vector X to a standard, uncorrelated normal vector using U=T(X), as shown in Fig. 1 . If the random vector X is mutually independent with distribution functions f X i , i = 1, 2, ..., n, the transformation is 1
T:
where Φ(•) is the cumulative distribution function (CDF) of a normal distribution. If the random variables are not mutually independent, the Rosenblatt transformation 9 may be employed. Hasofer and Lind defined the reliability index as the shortest distance from the origin to a point on the failure surface in the U-space 12 . Mathematically, it is a minimization problem with one equality constraint,
The solution U * for the minimization problem is called the most probable point (MPP) or the design point. If the failure function g(U) is linear in terms of the normally distributed random variables U, the failure probability is 1
If the failure function is nonlinear or random variables are not normally distributed, a good approximation can still be obtained by using Eq. 6, provided that the magnitude of the principal curvatures of the failure surface Choi, K.K., Yu, X., and Chang, K.H., "A Mixed Design Approach for Probabilistic Structural Durability," Sixth AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and Optimization, Bellevue, WA, September [4] [5] [6] 1996 . at the MPP is not too large. Otherwise, the SORM must be used.
The computational flow of the MPP search is shown in Fig. 2 The MPP search is an important step of the FORM. A popular method in the MPP search is the Hasofer-LindRackwitz-Fiessler (HL-RF) method 12 . Since the HL-RF is inefficient or does not converge for highly nonlinear problems, various modifications have been proposed by introducing a line search. A two-point approximation (TPA) method 15 with proper move limits is adopted in this research to improve the efficiency and robustness of the HL-RF method. The fatigue life prediction and sensitivity analysis methods are briefly discussed in the following sections. Details of the TPA method can be referred to in Ref. 15 .
Fatigue Life Prediction
In structural durability analysis, structural fatigue lives, including the crack initiation and crack propagation, at critical points are calculated. The shortest life among these critical points is considered to be the fatigue life of the structural component. The computation of the structural fatigue life consists of two parts: the dynamic stress computation and fatigue life prediction. The dynamic stress can be obtained either from experiment (mounting sensors or transducers on a physical component) or from simulation. To carry out simulation, a number of quasi-static FEAs of the component are performed first. The stress influence coefficients (SIC) obtained from these quasi-static FEAs are then superposed with the dynamic analysis results, including external forces, accelerations, and angular velocities to compute dynamic stress history.
Multibody dynamic analysis methods, which have typically been used for dynamic motion analysis, can be used for dynamic load analysis of mechanical systems 16 . In this paper, all bodies of the dynamic model are assumed to be rigid. If the flexibility of bodies is large, such as the hull of a tracked vehicle, a flexible body dynamic model must be developed and analyzed. For suspension components of a vehicle, the rigid body assumption usually yields reasonably accurate analysis results to support structural design for durability.
The finite element model of the structural component corresponds to a body in the multibody dynamic model. External loading, accelerations, and velocities generated from dynamic analysis can be applied to the structural finite element model for dynamic stress computation.
Since dynamic stress histories contain very large amounts of data, it is generally necessary to reduce or condense the data by, for example, peak-valley editing, before the crack initiation or propagation life computation can be performed 17 . These values are then used in a cycle counting procedure to transform variable amplitude stress or strain histories into a number of constant amplitude stress or strain histories. These histories are then used to compute the crack initiation life of the component. In this paper, a multi-axial fatigue model using von Mises equivalent strain failure criteria is employed 1 The edited dynamic stress histories (without cycle counting) at the critical point can also be used for crack propagation life prediction. In this work, NASA/FLAGRO 18 is employed to support the crack propagation life computation. The FLAGRO takes edited dynamic stress histories as inputs to compute stress Choi, K.K., Yu, X., and Chang, K.H., "A Mixed Design Approach for Probabilistic Structural Durability," Sixth AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and Optimization, Bellevue, WA, September 4-6, 1996. intensity factors, and then uses the stress intensity factors to calculate the crack propagation life using approximation and empirical equations. The computation process for crack initiation and propagation lives is illustrated in Fig. 3 . Details of the fatigue life prediction method can be found in Ref. 17.
Sensitivity Analysis for Fatigue Lives
If the FROM is used to compute the reliability of the structural fatigue life, the sensitivity coefficients of the fatigue life with respect to random variables are necessary for the MPP search. Methods of the sensitivity computation significantly affect the efficiency of reliability analysis. It is important to note that the dynamic stress computation dominates the computational cost for durability analysis 1 . Once dynamic stresses are obtained, the crack initiation or propagation life calculation is very efficient compared with the cost of dynamic stress computation. Thus, for random variables that do not affect dynamic stresses, e.g., fatigue material properties, a finite difference method is very efficient for the sensitivity calculation. For random variables that affect dynamic stresses, e.g., structural dimensions, the hybrid design sensitivity analysis (DSA) method 1 is employed. In both cases, the fatigue life cannot be expressed as a function of random variables due to the peak-valley editing and cycle counting procedures.
Using the hybrid DSA method illustrated in Fig. 4 , the continuum DSA method which will be briefly explained in Section 2.4 is employed to compute the sensitivity of the SIC. Once the sensitivity of the SIC is computed, an increment of the SIC can be obtained by
where δX j is the perturbation of the j th random variable. Note that the perturbation δX j must be small for linear approximation of the fatigue life. On the other hand, in numerical calculation, δX j cannot be too small since it introduces numerical noise.
The SIC of the perturbed model can be approximated by
A stress time history of the perturbed design can be obtained by superposing σ SIC (X+δX j ) with the same loading history obtained from multibody dynamic analysis. Note that the design perturbation is assumed to be local so that dynamic behavior of the mechanical system is not altered. The new dynamic stress history is then used to calculate the fatigue life L(X+δX j ) of the structural component with a perturbed random variable using the same life prediction method. The design sensitivity coefficient of component fatigue life with respect to the j th random variable can be obtained from
Note that Eqs. 7 through 9 must be evaluated repeatedly for all the random variables that affect dynamic stresses. This computation is very efficient once the design sensitivity coefficients of the SIC are available 1 . Consider the structural domain as a continuous medium, and the process of changing the shape of domain Ω to Ω τ in Fig. 5 as a dynamic process that deforms the continuum with τ playing the role of time. The transformation mapping T that represents this process can be defined as 13
where
Suppose that a material point x∈Ω in the initial domain at τ=0 moves to a new location x τ ∈Ω τ in the perturbed domain. Then, the velocity field V can be defined as
Choi, K.K., Yu, X., and Chang, K.H., "A Mixed Design Approach for Probabilistic Structural Durability," Sixth AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and Optimization, Bellevue, WA, September 4-6, 1996. In the neighborhood of initial time τ=0, assuming a regularity hypothesis and ignoring higher-order terms, T can be approximated by
where x ≡ T(x,0) and V(x) ≡ V(x,0).
A variational governing equation for a structural component with the domain Ω can be written as
where z and z − are the displacement and virtual displacement fields of the structure, respectively; Z is the space of kinematically admissible virtual displacements; and a Ω (z,z − ) and Ω (z − ) are the energy bilinear and load linear forms, respectively. The subscript Ω in Eq. 13 is used to indicate the dependency of the governing equation on geometric shape of the structural domain.
A general performance measure that depends on the displacement or strain, such as the SIC, can be written in an integral form as
Using the adjoint variable method of the shape DSA 13 , the variation of the performance measure ψ of Eq. 15 can be expressed as
where λ is the solution of the adjoint equation
Using the direct differentiation method, the first variation of the performance measure ψ, such as the SIC, can be written as
where z . is the solution of the sensitivity equation obtained by taking the material derivative of Eq. 14, i.e.,
The subscript V on the right side of Eqs. 16, 18 and 19 is used to indicate the dependency of the physical quantities on the velocity field 20 .
Numerical evaluation of Eqs. 16 and 18 requires knowledge of the original structural response z, adjoint response λ or material derivative z . , and the velocity field V. Structural responses z, λ, and z . can be obtained following rather routine computations. However, the velocity field V must be computed carefully so that it satisfies theoretical and practical requirements 19 .
RELIABILITY-BASED DSA AND OPTIMIZATION

Reliability-Based Structural Optimization (RBSO)
The classical structural optimization problem based on deterministic analysis is typically formulated as a nonlinear constrained optimization problem. Similarly, the RBSO problem can also be formulated as a nonlinear constrained optimization problem where reliability measures are included in constraint functions. Constraints on the component reliability in RBSO ensure a more evenly distributed failure probability in the structure. In general, the RBSO model contains two types of design variables: distributional design variables θ and deterministic design variables b.
Let θ=[θ 1 ,θ 2 ,...,θ n 1 ] T and b=[b 1 ,b 2 ,...,b n 2 ] T be the distributional and deterministic design vectors of dimensions n1 and n2, respectively. The RBSO problem can be formulated as
where W is the objective function, P(•) denotes the probability of the event (•), and P i U is the required upper bound of the probability of failure for the i th constraint function P f i . In Eq. 20,
, and b k L are the lower and upper bounds of the j th distributional and k th deterministic design variables, respectively.
Choi, K.K., Yu, X., and Chang, K.H., "A Mixed Design Approach for Probabilistic Structural Durability," Sixth AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and Optimization, Bellevue, WA, September 4-6, 1996. The reliability constraints defined in Eq. 20 are assumed to be independent and thus no correlation exists. Note that it is almost impossible to calculate the probability of failure P f i in Eq. 20 by a multiple integration for general design applications. Consequently, the FORM or other more efficient reliability analysis methods are employed. The computational flow of RBSO using the FORM is illustrated in Fig. 6 . Note that at each design iteration, the FORM needs to be used several times for each failure function to determine a proper design evaluation for the next design iteration. Also note that each FORM is equivalent to a deterministic optimization, which is very much computationally demanding. This is exactly the reason why RBSO is limited to academic problems. Furthermore, the firstorder derivative of the failure probability with respect to both distributional and deterministic design variables must be computed to support RBSO. The sensitivity of the failure probability includes two parts: the sensitivity of the failure probability with respect to the distributional parameters θ of random variables, and the sensitivity of the failure probability with respect to the deterministic design parameters b. Currently, active research is being carried out in this area by several researchers, e.g., Maden et al. 5 , Bjerager and Krenk 20 , and Karamchandani and Cornell 21 . The overall finite difference method is widely used for structural reliability-based DSA and optimization.
The derivative of the estimated failure probability P f obtained using the FORM with respect to a parameter η, which can be either θ i or b j , as
where ϕ is the standard normal density function.
Therefore, to compute the sensitivity of the failure probability P f , ∂β/∂η must be computed as
where U * is the MPP found in the U-space.
The sensitivity of the reliability index with respect to a distributional design parameter θ i can be obtained by substituting η=θ i and U * =T(X * ,θ) in Eq. 22 as
vanishes as proved in Ref. 22 .
For the normally distributed random variables, where T can be explicitly written as a transformation function of θ, Eq. 23 can be calculated analytically. For the nonnormally distributed random variables, the transformation T cannot be obtained explicitly. In such a case, the finite difference method can be used to approximate the derivative of T with respect to θ i .
As discussed in Section 2.1, the reliability index β is the distance between the origin and the MPP in the Uspace. The MPP vector U * on the failure surface can be written as
where ∇g(U * ,b) is the gradient of the failure function at the MPP, i.e.,
From Eq. 24, the MPP vector U * is also a function of b since the failure function g depends on the deterministic design parameter b. Substituting Eq. 24 into Eq. 22 yields Choi, K.K., Yu, X., and Chang, K.H., "A Mixed Design Approach for Probabilistic Structural Durability," Sixth AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and Optimization, Bellevue, WA, September [4] [5] [6] 1996 .
Since g(U * ,b)=0, by taking its derivative with respect to b, one has
Substituting Eq. 27 into Eq. 26, yields
Note that evaluation of Eq. 28 needs only the first-order derivative of the failure function with respect to random variables and deterministic design parameters. The hybrid DSA method discussed in Section 2.3 can be used to evaluate Eq. 28 when the failure function is defined as the crack initiation or crack propagation life.
MIXED DESIGN APPROACH FOR PROB-ABILISTIC STRUCTURAL FATIGUE
To avoid prohibitively expensive computational efforts required for a large number of reliability analyses during a batch mode RBSO for structural durability design, a mixed design approach that includes deterministic design optimization, design trade-off analysis, and what-if study 10 , is employed. The interactive reliabilitybased design process starts with a deterministic design optimization, and proceeds through several interactive design iterations until the fatigue failure probability is below the desired limits at all critical points.
Design Trade-Off Analysis
The design trade-off analysis method presented in this paper assists the design engineer in finding the most appropriate design search direction of the optimization problem formulated in Eq. 20, using four possible algorithms: (i) reduce cost, (ii) correct constraint neglecting cost, (iii) correct constraint with a constant cost, and (iv) correct constraint with a cost increment. As a general rule of thumb, the first algorithm, reduce cost, can be chosen when the design is feasible, i.e., all constraint functions are within the desired limits. When the design is infeasible, among the other three algorithms, generally one may start with the third, correct constraint with a constant cost. If the design remains infeasible, the fourth algorithm, correct constraint with a cost increment of, say 10%, may be chosen. If a feasible design is still not found, the second algorithm, correct constraint neglecting cost, can be selected. A quadratic programming (QP) subproblem can be formulated to find the search direction numerically corresponding to the algorithm selected.
An ε-active constraint strategy 23 shown in Fig. 7 is employed in this paper to conduct design trade-offs. Constraint functions in Eq. 20 are normalized by
When y i is between CT (usually -0.03) and CTMIN (usually 0.005), y i is active, i.e., ε=|CT|+CTMIN, as shown in Fig. 7 . When y i is less than CT, the constraint function is inactive or feasible. When y i is larger then CTMIN, the constraint function is violated. The QP subproblem for the first algorithm (cost reduction) can be formulated as For the second algorithm (constraint correction neglecting cost), the QP subproblem is formulated as
Note that Eq. 31 is similar to Eq. 30, except that the first term of the cost function in Eq. 30 is deleted in Eq. 31 since the cost function is neglected. For the third algorithm (constraint correction with a constant cost), the QP subproblem is the same as Eq. 31 with an additional constraint c T d≤0. For the last algorithm (constraint correction with a specified cost), the QP subproblem is the same as Eq. 31 with an additional con-Choi, K.K., Yu, X., and Chang, K.H., "A Mixed Design Approach for Probabilistic Structural Durability," Sixth AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and Optimization, Bellevue, WA, September [4] [5] [6] 1996 . straint c T d≤∆, where ∆ is the specified cost increment. The QP subproblems can be solved using a QP solver, such as the Harwell library 24 .
What-If Study
After the search direction d is found, a number of step sizes α i can be used to perturb the design. Cost and constraint function values, represented as ψ i , at a perturbed design η+α i d can be approximated using the first-order sensitivity information of the functions by Taylor series expansion about the current design η without using the FORM, i.e.,
Once a satisfactory design is identified after trying out different step sizes in an approximation sense, the design model can be updated to use FORM. If the failure probability is not within the desired limits, design sensitivity analysis can be performed and another trade-off and what-if can be carried out until a satisfactory design is obtained.
Note that to ensure a reasonably accurate function prediction using Eq. 32, the step sizes must be small so that the perturbation
less than 5% of the function value ψ i (η).
A particular advantage of the interactive design approach is that engineers can determine proper algorithms to perform design trade-offs and carry out design try-outs efficiently in an approximated sense using what-if studies, instead of depending on design optimization algorithms to find a proper design by carrying out line searches using several FORMs, which is extremely expensive. Result of the proposed interactive design procedure is a near-optimal design that is reliable.
A NUMERICAL EXAMPLE
A roadarm of the military tracked vehicle shown in Fig.  8 is employed to demonstrate the proposed mixed design approach for structural durability. A deterministic design optimization is presented in Section 5.1. A reliability analysis using the FORM is discussed in Section 5.2. The reliability-based design obtained using the proposed interactive design process is presented in Section 5.3. The fatigue life contour is shown in Fig. 10 . At the initial design, the structural volume is 486.7 in 3 . The crack initiation lives at 24 critical points (with ids shown in Fig. 10 ) are defined as the design constraints with a lower bound of 9.63×10 6 blocks. Note that the lower bound defined is equivalent to 20 years service life, assuming the tracked vehicle is operated eight hours per day, five days per week. Definition of the cost function and five critical constraint functions are listed in Table 1 . Choi, K.K., Yu, X., and Chang, K.H., "A Mixed Design Approach for Probabilistic Structural Durability," Sixth AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and Optimization, Bellevue, WA, September [4] [5] [6] 1996 . For shape design parameterization, eight design parameters are defined to characterize shapes of the four intersections as shown in Fig. 11 . Contour of the intersection shape is composed of four straight lines and four cubic curves. Side expansions (x ' 1 -direction) of cross sectional shapes are defined using design parameters b1, b3, b5, and b7 for intersections 1 to 4, respectively. Vertical expansions (x ' 3 -direction) of the cross sectional shapes are defined using the remaining four design parameters. A (deterministic) "optimal" design is obtained in six design iterations using the modified feasible direction method in the Design Optimization Tool (DOT) 27 . The design iterations required 22 fatigue life computations and six fatigue life DSAs; with a total computation time of 53 cpu hours on an HP 9000/750 1 . As shown in Table 2 , at the deterministic optimal design, all fatigue lives are greater than the lower bound and cost function is reduced by 10.5%. The geometric shapes of the roadarm at initial and deterministic optimal designs are shown in Fig. 12 . 
Probabilistic Fatigue Life Predictions
The random variables and their statistical values for the crack initiation life prediction are listed in Table 3 , including material and tolerance random variables. The eight tolerance random variables b1 to b8 are defined corresponding to the eight shape design parameters defined in Fig. 11 . Table 4 indicate that the failure probability at nodes 926 and 1544 is greater than 3%. Since the failure probability of the roadarm at the deterministic optimal design is too high, a reliability-based design must be conducted to reduce the failure probability.
Reliability-Based Design
For the reliability-based design, the mean values of the eight shape parameters shown in Fig. 11 are chosen as the design parameters. The objective function is still the structural volume. The constraint functions are the failure probability of the fatigue life at the five critical points with upper bound of 1% (i.e., the required reliability of fatigue life larger than 20 years is 99%). Table 4 shows that the initial design is infeasible since the second and third constraints are violated. The reliability-based DSA method discussed in Section 3.2 is used to calculate the sensitivity coefficients of the fatigue failure probability with respect to the design parameters.
Since the current design is infeasible, a constraint correction algorithm is selected for the trade-off analysis. Using the sensitivity coefficients, a QP subproblem is employed to search a direction in which the reliability will quickly increase. Then, a what-if study is performed along the search direction suggested by the trade-off study, plus a step size.
Through two iterations, a feasible design is achieved as shown in Table 4 . The two design iterations took 10 FORMs and 2 reliability-based DSAs, a total of 120 cpu hours (5 days). At the improved design, failure probability at five critical points are less than 1% with 2.5% increment in volume. However, the total volume savings starting from the initial design is 8%, i.e., from 487 in 3 to 447 in 3 . The design parameter values of the initial, deterministic optimal, and improved (after two interactive RBSOs) designs are listed in Table 5 . 
CONCLUSIONS
In this paper, a reliability-based design method for structural durability has been proposed and demonstrated to be feasible. The method is efficient and reasonably accurate, and most important it is computationally affordable.
Currently, the method predicts component reliability. For a mechanical system with a large number of components and subsystems and various failure modes that may be correlated, an efficient and accurate system reliability analysis method must be developed to calculate the failure probability for the mechanical system. In this paper, the dynamic loads obtained from simulation is assumed to be deterministic. A process reliability method must be employed to account for the uncertainty in the dynamic simulation. In dynamic simulation, the mechanical components were assumed rigid. This assumption is acceptable when solid components are of interest, such as suspension components. For low frequency flexible structures, such as vehicle body structure, flexible body dynamic analysis must be performed to obtain a more realistic dynamic loading. A fatigue DSA method for low frequency flexible structures is currently being developed. A local design change is assumed to avoid changing the dynamic simulation model in every design iteration. For a nonlocal design change, a Concurrent Engineering 28 capability must be used to conduct a multidisciplinary simulation and design optimization.
